We investigated temperature distribution in a solid state nuclear magnetic resonance (NMR) sample rotor under magic angle spinning (MAS) experiments by analyzing the 207 Pb chemical shift of solid lead nitrate (Pb(NO3)2). The analysis corrected a mismatch of the temperature dependence of 1 H spin-lattice relaxation time (T1 H ) obtained from different sample positions in the rotor. We prepared three rotors that consisted of Pb(NO3)2 partitioned into the three different parts with Teflon spacers, and measured the temperature distribution related to the placement using the prepared three rotors. The obtained temperature distribution showed a large gradient in the sample rotor. The temperature distribution was related to the placement in the rotor and successfully visualized. Finally, the divergent temperature dependence of T1 H obtained at different placement positions in the sample rotor was successfully corrected to accurate temperature dependence.
Introduction
It is important to elucidate the molecular motion of polymeric materials to improve their mechanical properties because their physical properties strongly depend on a change of dynamics. Nuclear magnetic resonance (NMR) is one of the well-known tools used to reveal the molecular motion of polymeric materials via spin-lattice relaxation time (T1). Especially, solid-state NMR (SSNMR) is a very useful technique for investigating molecular dynamics for materials that show their characteristic properties in the solid condition alone.
To obtain the high-resolution SSNMR spectra, magic-angle spinning (MAS) is generally used. However, MAS results in temperature gradients and inevitably changes the temperature of a sample because of the friction heat between the variable temperature (VT) gas and the sample rotor wall. The measurement of T1 is largely affected by temperature, so it is necessary to estimate an accurate temperature under MAS to study the molecular motion or morphological change of materials occurring with elevating temperature.
In the early 1970s, Van Geet 1 and Kaplan et al. 2 reported that the chemical shift difference between two 1 H signals of anhydrous methanol or ethylene glycol gives an actual temperature. For SSNMR experiments, several temperature calibration methods have been proposed since 1986. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Because the friction heat distributes widely in a sample rotor, it is also true that the actual temperature of a sample depends on the position in a sample rotor for MAS experiments. Bielecki and Burum had already shown that the temperature at the bottom portion of a sample rotor is different from that at the center portion using 207 Pb NMR chemical shift. 7 Actually, the 1 H spin-lattice relaxation time (T1 H ) of natural rubber (NR) at the bottom portion showed a different temperature dependence from that at the center portion as shown in Fig. 1a .
In this study, we investigated how temperature distribution occurs in a SSNMR sample rotor by heat gradient accompanied by MAS rate and/or elevating temperature. The 207 Pb NMR signal in three isolated Pb(NO3)2 samples, which were located in different positions of the sample rotor; top, center, and bottom with an inner Teflon spacer as illustrated in Fig. 2 , revealed the temperature distribution in a sample rotor during MAS. The temperature distribution was visualized by a contour plot with MAS rate and sample position coordinates. Finally, we showed that the divergent temperature dependence of T1 H at the bottom was successfully fixed by a correction of temperature. The revised temperature dependence of T1 H at the bottom showed good agreement with the theoretical curve estimated from the T1 H at the center (Fig. 1b) .
Experimental
Sample Natural rubber (NR, Ribbed Smoked Sheet grade 1) was obtained from Toyota Tsusho Corp. through the Advanced Elastomer research group in the Society of Rubber Industry, Japan. Anhydrous methanol and lead nitrate (Pb(NO3)2) were purchased from Wako Pure Chemical Industries, Japan. Anhydrous methanol was sealed in 6.0 or 3.2 mmf rotors with O-ring spacers or silicone rubber to prevent liquid leakage, respectively. Three separate sample rotors, in which Pb(NO3)2 or NR was located as illustrated in Fig. 2 , were prepared to examine temperature distribution or T1
H at different positions of the rotor.
NMR instrument
Every NMR spectrum was accumulated using a Varian NMR systems 400 WB spectrometer (Agilent Technologies, Santa Clara, CA) operating at 399. 207 Pb NMR spectrum of Pb(NO3)2 from 16 scans for a 6.0 mmf rotor and 40 scans for a 3.2 mmf rotor with a repetition time of 10 s. MAS speeds for a 3.2 mmf rotor were set at 5, 10, 15, 20, and 25 kHz, and those for a 6.0 mmf rotor at 2, 5, 7, and 9 kHz, respectively. The temperature was regulated from 30 to 100 C for a 3.2 mmf rotor and from 29 to 120 C for a 6.0 mmf rotor with an increment of 5 C within ± 1 C, respectively.
A stream of VT gas is directed at the mid-point (center position) of a sample rotor and is separated from the MAS bearing and driving gases. Namely, there are three distinct gas flows, bearing, driving, and VT gases. The bearing gas is directed at both the bottom and top edges of a sample rotor. The temperatures of both bearing and drive gases are always regulated at the room temperature of 24 ± 1 C.
Results and Discussion
Temperature calibration and visualization of temperature distribution Figure 3 shows some representative 207 Pb MAS NMR spectra of Pb(NO3)2 observed at various MAS rates and the regulated temperatures (Treg) with a 6.0 mmf rotor. The spectra were aligned horizontally with elevating temperature and vertically with MAS rate. It was shown that the Pb NMR spectra of Pb(NO3)2 located at the top, center, and bottom at 9 kHz MAS rate and Treg = 29 and 120 C, respectively. At a MAS rate of 2 kHz and 29 C, the 207 Pb NMR peak was sufficiently isotropic and sharp. This observation indicates that the temperature in a sample rotor is highly uniform and there is little gradient of temperature distribution at around 30 C and low MAS rates. The maximum temperature deviation was less than 0.3 C. The value was estimated from the full width at half height (FWHH), of 40 Hz (approximately 0.5 ppm). On the other hand, we observed a much narrower 207 Pb peak with FWHH of 0.2 ppm for a 3.2 mmf rotor. Thus, we applied FWHH of 0.2 ppm to the detectable limitation of temperature distribution.
With elevating temperature from 29 C, the peak shape becomes anisotropic gradually at 2 kHz MAS. This change indicates the existence of temperature distribution in the Pb(NO3)2 sample. Similarly, with increasing MAS rate, the isotropic and single 207 Pb NMR peak becomes doublet at 29 C. This doublet peak suggests that there is a large gradient of the temperature distribution in a rotor. Figure 3a indicates that the 207 Pb NMR chemical shifts at both the top and center positions are very close to each other, but that at the bottom is different from those chemical shift values. This observation indicates that the temperature at the bottom is higher than that at both the top and center. Furthermore, the FWHH at the center position is slightly wider than those at both the top and bottom. The FWHH is 57 Hz and slightly larger than that obtained from the peak at 2 kHz MAS. This broadening indicates that a large gradient of temperature distribution occurs even at the center.
In contrast, at 80 or 120 C, the doublet peak disappeared but a broad shoulder at the right side of the main peak was observed with increasing MAS rate. Furthermore, the intensity of the broad shoulder peak becomes small with increasing MAS rate. This peak-shape change suggests that the gradient of temperature distribution becomes small at higher temperatures and MAS rates. Figure 3b reveals that the broad shoulder comes from both the top and bottom. Interestingly, the 207 Pb NMR chemical shift at the center is larger than those at both the top and bottom, while the chemical shift at the bottom at 29 C is larger than those at both the top and center. These indicate that the temperature inside the rotor changes considerably depending on MAS rate: the friction heat depends on the amount of both MAS and VT gas flows. For a 3.2 mmf rotor, similar results were also obtained except for the doublet peaks as detected for a 6.0 mmf rotor. The short length and small diameter of a 3.2 mmf rotor resulted in only a slight gradient of temperature distribution.
To analyze the degree of gradient of temperature distribution, we determined the 207 Pb chemical shift reference at the beginning. We employed the 
From -20 to 30 C, however, we found that the following Eq. (2) gives T values with much smaller residual sum of squares. Pb NMR spectra of Pb(NO3)2 at the top, center, and bottom at 10 kHz and Treg = 80 C for a 3.2 mmf rotor are shown in Fig. 4a as an example. The peak at the center in Fig. 4a was isotropic and the FWHH was 30 Hz (approximately 0.4 ppm). The peaks at the top and bottom were wide and anisotropic. The chemical shift at the center is larger than those at the top and bottom. The summation of those three spectra become the spectrum of the fully filled Pb(NO3)2: the subtraction becomes null. This result shows that the fully filled Pb(NO3)2 exhibits three different temperatures having similar gradient.
The temperatures at the three positions are estimated from Eqs. (1) or (2) with the chemical shift value (shown as dashed lines in Fig. 4a) . Furthermore, the anisotropic and broad signal, especially at the top and bottom, has much information on gradient of temperature distribution. The problem is that we do not know which position in a sample rotor corresponds to the observed 207 Pb chemical shift. To visualize the temperature distribution in a sample rotor, we estimated the temperatures related to some positions from the anisotropic peak in the following manner (Fig. 4b): (1) A peak having the largest chemical shift value was selected from among the three positions. (2) Three different chemical shift values were selected from each peak; peak top, both left and right sides at the half height of the peak. The latter two chemical shift values were estimated from the inflection point of the anisotropic peak line. (3) In the case of Fig. 4a , the temperature at the bottom is lower than at the other positions because the chemical shift value at the bottom peak top is the smallest. This fact indicates that the temperature of the drive tip side at the bottom should be the lowest because VT gas blows at the mid-point in the rotor and the temperature obtained from the center is higher than that from the bottom. Therefore, the temperature estimated from the right side of the bottom peak exhibits the temperature for the drive tip side. (4) Since the temperature estimated from the center peak top is higher than those from the top and bottom peak tops, the temperature estimated from the right side of the center peak should be positioned at the bottom side. This is because the temperature at the bottom is lower than that at the top, and then the chemical shift at the right side of the center peak comes from the bottom side of the center. Similarly, the temperature estimated from the left side of the center peak exhibits middle of center because the highest temperature should be located at the mid-point of the VT gas flow. Here, of course, the FWHH was also checked to see whether the FWHH was larger than the detectable limitation of 0.2 ppm. In the case of Fig. 4a , the temperature distribution causes the line width of the center peak because the FWHH is about 0.4 ppm. (5) Similar criterion holds for the top peak.
In this way, we determined the calibrated temperature (Tcal) at nine different positions in a sample rotor. For the other observed spectra, the Tcal values were similarly assigned to the appropriate position in a sample rotor. Consequently, an ensemble of two dimensional plots of Tcal and the positions against any MAS rates gives a three dimensional map of temperature distribution.
Contour plots of the temperature distribution for 3.2 mmf (a) and 6.0 mmf rotors (b and c) are shown in Fig. 5 . The regulated temperatures were 30 C (a), 29 C (b), and 100 C (c), respectively. Figure 5 clearly shows that the large gradient of temperature distribution in each rotor occurs according to MAS rate. For example, Fig. 5a shows that the difference of the Tcal values between the center (0 mm) and bottom (-3.2 mm) is approximately 6 C at 25 kHz MAS. It is understandable that the temperature at the center would be higher than that at both the top and bottom because the VT gas blows at the center, and the bearing gas of room temperature blows at both edges of the rotor.
Interestingly, the Tcal at the center (0 mm) becomes lower than at the bottom (from -4 to -7 mm) or top (from +4 to +7 mm) at MAS rates faster than 5 kHz (Fig. 5b) . This opposite gradient of temperature distribution indicates that the heating due to the friction between the bearing gas and the rotor wall is higher than that between the VT gas and the rotor wall. At 5 kHz MAS, for example, the Tcal at the center (0 mm) is 33 C and that at the bottom (-7.2 mm) is 34 C. The difference between the center and bottom is -1 C. At 9 kHz MAS, the Tcal at the center becomes 43 C and that at the bottom reaches 45 C. This gradient of temperature distribution is narrow and deep like a gap so that the 207 Pb NMR peak is apparently divided into a doublet peak as shown in Fig. 3 . On the other hand, at temperatures higher than 70 C, every obtained contour plot was similar to that shown in Fig. 5c . The Tcal at the center (0 mm) is higher than at the bottom or top. For example, the Tcal is 104 C for the center at Treg = 100 C and 5 kHz MAS, and that at the bottom becomes 100 C. The difference between the center and bottom is over 4 C for Treg higher than 100 C. 
T1
H comparison between the center and bottom Figure 1a shows the temperature dependence of T1 H of NR located at the center ( ) and bottom ( ) in a 6.0 mmf rotor. The solid and broken lines are obtained from the conventional BPP theory 17 with the WLF type correlation time.
18,19
The temperature dependence of T1 H at the bottom does not agree with that at the center. This simple observation indicates that the temperature distribution exists in the rotor and clearly affects T1 observation. The different gradient of temperature distribution causes a variety of molecular motions even at the same regulated temperature. The various molecular motions result in uncertainty for analysis of molecular motion from temperature dependence of T1 H . After temperature calibration using the relationship between the actual temperature and inside rotor position, the T1 H values at the bottom were re-plotted in Fig. 1b . The T1 H values obtained from the bottom shifted towards the theoretical solid curve correctly, and both center ( ) and bottom ( ) values are in good agreement with the calculated solid line. This good agreement indicates that the temperature calibration successfully provides the correct temperature related to the position. The absolute temperature difference between the center and bottom at 5 kHz MAS is large at relatively higher Treg and small at lower Treg, as mentioned above. Thus, the quantity of shift for the bottom ( ) is large at high temperatures and is small at low temperatures. This observation strongly suggests that each NR at different positions feels the respective different temperatures, and temperature calibration is very important to analyze the molecular motion of a sample.
Conclusions
Visualization of the temperature distribution in a SSNMR sample rotor during MAS was successfully obtained. The quantity of gradient of temperature distribution depended on Treg, MAS speed, and the rotor size. Furthermore, we detected a large gradient of temperature distribution for a wide and long sample rotor. The large gradient increases with MAS rate and Treg. The gradient of temperature distribution at the center position was very small and usually the Tcal was higher than at the other positions. However, Tcal at the center was lower than that at the bottom at lower temperatures. Furthermore, the gradient of temperature distribution became slightly larger than at the other positions with increasing MAS rate. The T1 H was very sensitive to the sample position in the SSNMR rotor. Therefore, it is essential to analyze the temperature distribution in the sample rotor to elucidate the molecular dynamics by SSNMR.
